INTRODUCTION
Linear elastic f r a c t u r e mechanics can be used with confidence only f o r a limited number of practical crack problems a t the present time. Some of the uncertainties a s s ociated with through-crack testing are mentioned in reference 1 (authors' reply to discussion by R. H. Heyer). Irwin's surface-crack fracture analysis (ref. 2) assumes that conditions of plane strain prevail, and its application is customarily limited to crack depths of less than one-half the plate thickness. However, in spite of these apparently s e v e r e limitations, fracture mechanics theory is s t i l l useful. It can provide a t least a qualitative descri2tt;on of the effects of material and geometrical parameters on fracture strength. In some cases, as will be shown later, it can also give a good quantitative description.
elasto-plastic analysis, nonbrittle materials are treated in a n approximate manner. calized yielding at the tip of a crack is accounted f o r by adding a portion of the plastic zone length to the actual crack length. A s long as the plastic zone is s m a l l compared to the crack length and specimen dimensions, this approximation has proven useful.
For small-scale yielding, the plastic zone s i z e is proportional to the square of the ratio of stress intensity to yield strength. Thus, simple plastic zone corrections should be adequate as long as the crack length and specimen dimensions a r e greater than some multiple of this ratio squared. For edge -cracked o r through-cracked specimens, the significant specimen dimensions are considered t o be crack length, uncracked ligament length, and thickness. The proposed American Society f o r Testing and Materials (ASTM) plane-strain toughness test method (ref.
3) requires that thickness and crack length be greater than 2. 5(K1c/$s) 2, and implies that the ligament length (width minus crack length) be greater than about 2 KIc/uys . These c r i t e r i a should be sufficiently conservative as to apply to all classes of materials. However, f o r some materials and/or t e s t specimens (e. g., ref. 4 ) the theory appears applicable (within engineering accuracy) to much s m a l l e r cracks as well.
ditions prevail a t fracture and that the crack dimensions are s m a l l compared with the plate dimensions. Brown and Srawley (ref. 1, pp. 30 to 33) indicate that the analysis may not be applicable if the crack depth is less than 2 . 5 KIc/ays . Although the concept has not been adequately tested, there should probably be a minimum ligament depth (in this case, plate thickness minus crack depth) requirement also, as there is for the edge-cracked specimens. Thus, f o r two reasons (depth-to-thickness limit and minimum ligament depth), application of the analysis to material thicknesses much less than 5(KIc/cys)2 cannot be assured.
Current fracture mechanics analysis is based on linear elastic theory. In lieu of a n Lo- The plastic zone at the crack tip is even less well understood than the subjects just discussed. Different analytical models lead to significantly different estimates of both the size and shape of the plastic zone. When used as corrections to a large crack length, these discrepancies will affect fracture toughness calculations only slightly. But uncertainty regarding the plastic zone size makes it very difficult t o predict whether the plastic zone a t the tip of a surface crack will extend completely through the plate thickness p r i o r to failure. A s is shown later, in the section Discussion of Results, this appears t o significantly affect fracture behavior.
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Rosenfield (ref. 9 ) have compared observed plastic zones in Fe-3Si s t e e l with s e v e r a l analytical models. They conclude that none of the models completely described the observed plastic zones, which were somewhat "butterfly-shaped. " Lacking a n exact d escription, a lower bound on the plastic zone size is still possible. The r e s u l t s of reference 9 suggest that the extent of the plastic zone (projected onto the crack plane) is roughly twice Irwin's plastic zone size term of reference 2 , in the absence of large-scale yielding and nearby stress-free surfaces. Thus, if the uncracked ligament behind a s u rface crack is less than twice Irwin's plastic zone s i z e , it is almost certain that the plastic zone has actually spread completely through the thickness. tip of a crack is "butterfly-shaped, " it might (under rising load) f i r s t reach the back surface a t points out of the crack plane, as in figure 1 (taken f r o m ref. 10).
crack dimensions and material properties on f r a c t u r e stress f o r through cracks and partthrough surface cracks. cracks were tested at cryogenic temperatures.
dicted trends.
Rice has discussed various analytical models at length in reference 8. (a) Model geometry. 
ANALY S I S
Even though its application to design problems is somewhat restricted, current f r a c t u r e mechanics theory can be used to illustrate the effects of crack geometry and material properties on fracture strength and fracture behavior. F o r the sake of discussion, assume that through c r a c k s are governed by plane-stress conditions and surface c r a c k s by plane strain.
Effects of Crack Geometry
F r a c t u r e s t r e s s e s for through-thickness c r a c k s (from ref. Depth-to-thickness ratio, alt These equations are plotted i n figure 3 f o r the case where KIc = 0 . 5 Kc. Equation (2b) is plotted f o r constant crack shape a/2c as well as f o r constant depth a/t. The largest depth plotted is that for which the plastic zone is expected to just extend completely through the plate thickness at the onset of fracture. The applicability of t h e analysis to deeper cracks is highly questionable. If, as discussed earlier, the actual plastic zone size is taken t o be twice Irwin's t e r m , the limiting depth for this thickness is Figure 3 shows that theoretically a surface crack can fracture (or at least start to fracture) at a lower stress than a through-crack of the s a m e length, and that this would be most likely to occur f o r a deep crack with a/2c about 0.2 to 0. 3. With the aid of figure 3 we can speculate on the effect of crack geometry on the actual fracture process. Consider a surface crack whose geometry is defined by the point A . When the load is increased to 0 . 8 cr
2) showed that crack extension should tend t o produce a circular crack bounda r y , thus t h e r e should be little if any increase in crack length. The stress required t o propagate a through-crack of the s a m e length is much g r e a t e r (about 0 . 9 c ). Thus, the Y S crack should self-arrest and become a stable through-thickness crack. If the crack were in a p r e s s u r e vessel, the vessel would leak r a t h e r than fail catastrophically.
Consider now a s u r f a c e crack whose geometry is defined by the point B. When the load is increased t o 0 . 7 u the crack should start t o propagate through the thickness. But if there is no load relaxation, the applied stress will be more than sufficient to propagate a through crack of that length and the crack should continue to propagate. A p r e ss u r e vessel with such a crack would probably fail catastrophically.
the thickness prior to failure, and most of the uncracked ligament would undergo plastic deformation.
tensity at o r near the major axis of the semiellipse. If this crack were in a p r e s s u r e vessel, elastic theory cannot predict whether it would leak o r burst. powerful analytical methods, we might speculate that if the crack opening displacement were sufficiently large, the ligament might fail by tensile instability (and the vessel would leak), and that this would be most likely for long cracks. fig. 15 ), for part-through vee-notches in gas line pipe is quite s i m i l a r in appearance to figure 3 of this report. Their burst tests also indicate that failure type (i. e. , leak o r burst) can be correlated with relative fracture s t r e s s e s for through cracks and surface cracks of the s a m e length. If f r a c t u r e s t r e s s for a given s u rface crack is l e s s than for a through crack of the s a m e length, that surface crack will result in a leak at failure; if greater, catastrophic f r a c t u r e will occur.
Effects of Material Properties
The limits of applicability of this analysis are also affected by the material properties. etrates the thickness) is also a function of the ratio KIc/Kc. Figure 4 shows the effect of KIc/Kc on fracture s t r e s s at the limiting depth (for this specific thickness). From this figure it appears that le&-before-burst failures cannot b e predicted using elastic theory if KIc is greater than about 0.6 Kc (for this thickness). The lower the ratio KIc/Kc the wider the crack length range over which such failures can be predicted. 
Interpretation of Experimental Data
Surface-crack f r a c t u r e test data are often plotted as apparent KIc against initial crack depth. Judgment of the applicability of the plane-strain mcdel is then based on the relative constancy of apparent KIc values over a range of crack sizes. However, such a n approach can sometimes be misleading. Surface c r a c k s can propagate through the thickness on rising load and become through c r a c k s prior to final fracture.
by crack length and the Kc value for the particular thickness, as in equation (la). A s suggested earlier, f r a c t u r e might a l s o be length dependent if the uncracked ligament undergoes g r o s s plastic deformation. If final fracture is actually controlled by Kc and crack length but we unknowingly apply equation (lb), the apparent (but fictitious) toughness computed will be In such a case, final fracture should be governed
Equation (4) is obtained by substituting fracture stress from equation (la) into equation (lb) and neglecting plastic zone corrections for simplicity. the correction factor of figure 2.
It is plotted in figure 5 using Consider the crack geometry range 0.2 5 a/2c 5 0.5 and 0 5 a/t 5 0.5, which is shaded in figure 5 and which is a range of practical interest. It can be s e e n that, even if f r a c t u r e is controlled by crack length (rather than depth), the apparent KIc varies only slightly (about *4 percent). From a series of tests in this range it might be concluded that since apparent KIc was approximately constant, fracture was controlled by crack depth. crack lengths) are desirable. The data can then be plotted as fracture stress against crack length. If the plane -strain, surface-crack model is appropriate, the plot should resemble figure 3 and the surface-crack data should be layered according to crack depth. 
EXPERIMENTAL PROCEDURE

Materials
The titanium alloy was purchased in two thicknesses rolled from the same heat. Mill analyses f o r both are given in table I. The 2014-T6 aluminum alloy (unclad) was from the s a m e lot as used in an earlier study (ref. 6 ). The analysis given was made by a commercial laboratory. The 2219-T87 aluminum alloy (also unclad) was from the s a m e lot studied in reference 15, and its analysis is also given in table I.
sile specimen shown in figure 6 (a) with differential-transformer extensometers.
The tensile properties listed in table I1 were determined by using the standard ten-
Fracture Specimens
Titanium fracture specimen configurations were as shown in figures 6(b) and (c).
The 2219-T87 specimens were All 2014-T6 specimens were as shown in figure 6(c) . sized per figure 6(d) to be directly comparable with the surface-crack specimens tested in reference 15.
Natural c r a c k s were grown from crack starters by low-stress fatigue cycling the specimens. Crack starters f o r all through-crack and most surface -crack specimens were made by electrical-discharge machining. For a few of the 2014-T6 surface-crack specimens, s h a r p surface grooves were machine scribed. A l l through-crack specimens and some surface-crack specimens were fatigue sharpened in tension. T o obtain more elongated cracks, some surface c r a c k s were extended in cyclic unidirectional bending.
For a l l specimens, the nominal net cyclic stress was less than one-half the material y icld strength. I . 0.. Apparatus a n d Procedure
The 22 19 -T87 through-crack fracture specimens w e r e fitted with anti-buckling guides and tested i n a 400 000-pound-(1. 
RESULTS AND DISCUSSION
Nominal f r a c t u r e toughness values for through-crack specimens were computed using the finite-width correction factor proposed by Feddersen (ref. Normalized crack length, 2clt fig. 7 ) that f o r the five of these specimens with short cracks (2c/t -3), f r a c t u r e stresses a r e within the s c a t t e r band for through-crack tests. Using the average K value (47 k s i fi), Irwin through-crack specimens from the s a m e lot of material were tested at Lewis. Neither nominal toughness Kcn nor apparent toughness K were constant at any temperature, and the curves of figure 10 were simply drawn through the through-crack data. Again there is little difference in f r a c t u r e stresses f o r surface c r a c k s and f o r through cracks of the s a m e length. Based on the estimated KIc values of reference 15 (47 k s i 6 at 77 and 20 K), the Irwin plastic zone s i z e s were g r e a t e r than all uncracked ligaments. Thus, it is fairly certain that the surface-crack plastic zones penetrated the thickness p r i o r to fracture in every test.
Q'
The surface-crack data are taken from reference 15; 
Discussion of Results
The constant-Kcn concept is not sufficient t o characterize through-crack f r a c t u r e in the relatively tough 2219-T87 alloy. But f o r the less-tough titanium and 2014-T6 aluminum alloys, it relates fracture stress to original crack length quite well over the range of these tests.
The characterization of surface -crack fracture is not so straightforward. However, the results are consistent if they are classified according to the relative depths of the plastic zone and of the uncracked ligament. For most of the titanium specimens, where Irwin's plastic zone s i z e was less than about 13 percent of the uncracked ligament depth, KQ values were essentially constant and the plane-strain model (eq. (lb)) s e e m s appropriate. For all the aluminum specimens, the plastic zone is believed to have extended completely through the thickness. Here fracture appears to be strongly related to crack length and the mixed-mode fracture toughness Kcn. The behavior of the remainder of the titanium specimens is harder to classify, but this may be due to the approximate nature of the plastic zone s i z e t e r m . plastic zone size is "small" with respect to the depth of the uncracked ligament. These A s discussed earlier, Irwin' s surface-crack analysis should be usable if the actual t e s t s suggest a n approximate limit. If Irwin's plastic zone t e r m is less than about onetenth the depth of the uncracked ligament, the plane-strain model appears to be applicable even f o r thin sections. However, the parameter K (which may o r may not be equal t o the plane-strain toughness KIc) must be carefully determined. When the plastic zone is greater than the depth of the uncracked ligament, final fracture usually appears to be r elated to crack length and mixed-mode fracture toughness. agate until rapid fracture occurs. However, some investigators have recently observed stable subcritical growth of surface cracks in some materials. J u s t p r i o r t o fracture, such a crack could be l a r g e r than its original dimensions but not yet through the thickness. In such a case, a K value based on original crack depth and maximum load would be Q erroneously low. Subcritical growth might account for some (but not all) of the observed deviations of KQ1 from a constant value.
Q
The analysis and the preceding discussion assume that surface c r a c k s do not prop-
SUMMARY OF RESULTS
The experiments reported herein indicate that the fracture behavior of thin sections containing surface c r a c k s may be strongly influenced by the ratio of the crack-tip plastic zone size to the ligament depth (thickness minus crack depth). The experimental results can b e summarized as follows: ligament depth, f r a c t u r e behavior was in general as predicted by plane-strain theory.
f o r surface-crack specimens were very nearly the same as f o r specimens with through cracks of the s a m e original length. It should be recognized that these conclusions may not be applicable to other materials and/or thicknesses, and more definitive t e s t s are required t o either confirm or c o r r e c t them.
Based on analysis using current fracture mechanics Iheory, as supported but limited by these tests, it can be postulated that:
1. Current f r a c t u r e mechanics methods can be applied to leak-before-burst problems of thin-walled p r e s s u r e vessels, but only if the plastic zone at failure is s m a l l with respect t o the uncracked ligament. If so, leaks can be expected only f o r somewhat narrow ranges of crack geometry and material properties. 
